Abstract. Previously, therapeutic potency of CRAC channels blocker was evidenced as a significant decrease in airway smooth muscle hyperreactivity, antitussive and anti-inflammatory effects. The major role of the respiratory epithelium in asthma pathogenesis was highlighted only recently and CRAC channels were proposed as the most significant route of Ca 2+ entry into epithelial cells. The aim of the study was to analyse the impact of long-term administered CRAC channels blocker on airway epithelium, e.g. cytokine production and ciliary beat frequency (CBF) using an animal model of allergic asthma. Ovalbumin-induced allergic airway inflammation of guinea pigs was followed by long-term (14 days lasted) therapy by CRAC blocker (3-fluoropyridine-4-carboxylic acid, FPCA). The influence of long-term therapy on cytokines (IL-4, IL-5 and IL-13) in BALF and in plasma, immunohistochemical staining of pulmonary tissue (c-Fos positivity) and CBF in vitro were used for analysis. Decrease in cytokine levels and in c-Fos positivity confirmed an anti-inflammatory effect of long-term administered FPCA. Cytokine levels in BALF and distribution of c-Fos positivity suggested that FPCA was a more potent inhibitor of respiratory epithelium secretory functions than budesonide. FPCA and budesonide reduced CBF only insignificantly. All findings supported CRAC channels as promising target in the new strategy of antiasthmatic treatment.
Introduction
Calcium release-activated calcium (CRAC) channels are widely expressed in various tissues, but their properties and functions outside the immune system remain largely unexplained. Two proteins have been identified which play a major role in CRAC channels functions: pore-forming plasma membrane protein Orai1 and STIM1 acting as a sensor of Ca 2+ concentration in the endoplasmic reticulum and activates Ca 2+ entry from the extracellular space through Orai1 protein in response to a mobilisation of Ca 2+ from intracellular sources (Parekh 2010; Sutovska et al. 2013b) .
Within the immune system, Ca 2+ entry through CRAC channels is a critical step in the functional responses of Tcells and mast cells in which they orchestrate mediator release, cytokine production and proliferation processes (Feske 2010) . In asthmatic subjects, the sustained activation of CRAC channels located on Th2 (T helper 2) and mast cells plasma membrane is closely associated with activation of several transcription factors, e.g. NFAT (nuclear factor of activated T-cells), NF-κB (nuclear factor kappa-lightchain-enhancer of activated B cells) and AP-1 (activator protein 1), resulting in excessive production of IL-4, IL-5, IL-13 and TNF-α (Yoshino et al. 2007 ).
The epithelial cells covering the airways comprise not only passive defence barrier against inhaled allergens, pathogens and irritants, but also play an active role in orchestrating inflammatory responses. They adjust both innate and adaptive immune reactions through the production of a wide array of secreted factors able to influence various cells of the immune system (Gwack at al. 2008; McNally et al. 2012) . Epithelial cells produce cytokines via the Ca 2+ -responsive transcriptional regulators, NFAT (Davé et al. 2004 ) and NF-κB (Page et al. 2003) . Fujioka et al. (2004) demonstrated distinct evidence of connection between NF-κB and AP-1 pathways and Macián et al. (2001) confirmed similar correlation between NFAT and AP-1. AP-1 is a transcription factor complex that is formed by dimerisation of members of the Fos and Jun proto-oncogene families. The increased levels of c-fos mRNA and c-Fos protein overexpression have been described in many in vitro and in vivo models of inflammation, including bronchial asthma (Adcock and Caramori 2001) .
Although it is known that airway epithelial cells express these transcription factors, the source of Ca 2+ entry that regulates them was proposed only recently by Prakryia (2009) . Author demonstrated that CRAC channels serve as a major route of Ca 2+ entry in lung epithelial cells leading to robust activation of NFAT and the production of proinflammatory cytokines in these cells.
The mucociliary clearance of respiratory epithelium represents a highly effective nonspecific immunological mechanism eliminating almost airway waste. This task is achieved due to the high degree of coordination between the individual cilia, and due to the ability of cilia to increase the ciliary beat frequency (CBF) in response to various stimuli (Teff et al. 2008) . The ciliary transport efficiency is linearly dependent on CBF. Elevation in intracellular Ca 2+ , situated near to plasma membrane, is one of the crucial triggers of CBF enhancement. Experimentally-induced depletion of intracellular Ca 2+ stores results in activation of a continuous Ca 2+ influx across the plasma membrane (Braiman and Priel 2001) . According to Parekh and Putney (2005) empty intracellular stores are replenished probably via CRAC current. Ca 2+ does not regulate CBF alone, but as a part of a complex, intimately interconnected, signalling network consisting of Ca 2+ , calmodulin and the cyclic nucleotide pathways (Zagoory et al. 2002) .
Previously, our experimental studies evidenced significant involvement of CRAC channels in guinea pigs experimental allergic asthma model (Sutovska et al. 2013a (Sutovska et al. , 2013b . These results showed dose-dependent decrease of airway hyperreactivity on single doses of CRAC channels blocker (3-fluoropyridine-4-carboxylic acid, FPCA) as well as decrease of basal airway reactivity and anti-inflammatory response on long-term FPCA administration. In this paper we report the effect of long-term administered CRAC channels blocker on the functions of respiratory epithelium cells, e.g. cytokine production and mucociliary clearance, under the conditions of experimental allergic asthma.
Materials and Methods
All experiments were approved by the Institutional Ethics Committee of the Jessenius Faculty of Medicine, registered in Institutional Review Board/Institutional Ethic Board Office (IRB 00005636) in accordance with Slovakian and European Committee regulations for the use of laboratory animals and follow the criteria of experimental animal's welfare (decision No. 611/2010) .
Adult male TRIK strain guinea pigs used in study, weighing 200-250 g, were obtained from accredited breeding facility situated in Department of Experimental Pharmacology, Slovak Academy of Sciences (Dobra Voda, Slovakia), and were housed in approved animal holding facility. Water and commercial feed were allowed ad libitum. The guinea pigs were free of respiratory airways infections as assessed by the regular health monitoring quality controls.
Chemicals
The chicken ovalbumine, aluminium hydroxide and budesonide were purchased from Sigma Aldrich (Lambda Life, Slovakia), 3-fluoropyridine-4-carboxylic acid from Alfa Aesar (Germany). Budesonide for nebulisation was prepared as suspension in 1% TWEEN 80 (in 0.9% saline) according to manufacturer's instruction, CRAC channels blocker was dissolved in water for injection and all other above-mentioned drugs in 0.9% saline.
Design of the study
The animals in total number 40 were used in experiments after one-week adapting period. Animals were divided into 4 groups; each consists of 10 animals, as follows: 1. Negative unsensitized control group (NC). 2. Negative sensitized control group (OVA+) -animals sensitized by ovalbumine received saline in the dose 1 ml/ kg b.w. intraperitoneally (i.p.) as long-term therapy. 3. Positive control group (BUD LT) -guinea pigs longterm received budesonide (3 mg/ml by inhalation for 5 min). 4. Experimental group (CRAC LT) -animals underwent long-term therapy by CRAC channels blocker 3-fluoropyridine-4-carboxylic acid in the dose 1.5 mg/kg b.w. i.p. Experimental airways inflammation was induced by repetitive administration of ovalbumine adsorbed on aluminium hydroxide according to method previously described by Franova et al. (2013) . Sensitization procedure was followed by saline, budesonide and 3-fluoropyridine-4-carboxylic acid long-term (14 days lasted) treatment. All tests with sensitized and treated animals were accomplished 24 hour after last dose application.
The assessment of cytokine levels
The blood from guinea pigs heart was collected after transversal spinal cord interruption. To measure inflammatory mediators in the airways, bronchoalveolar lavage was performed after respiratory tract removal with volume of warm saline (37°C) calculated according to body weight of animal (10 ml/kg). Saline was injected and withdrawal via the cannula placed into the right bronchus. Serum and supernatant from biological fluids were obtained by centrifugation -blood at the speed 3500 during 5 min and bronchoalveolar lavage fluid (BALF) at speed 1500 during 2 min.
The apparatus Bio-Plex ® 200 System and TH1/TH2 panel Human Cytokine (Bio-Rad, USA) were used for cytokine levels assessment. The capture sandwich immunoassay format was designed on magnetic beads according to a manufacturer's instructions. The capture antibody-coupled beads were first incubated with antigen standards, samples, or controls followed by incubation with biotinylated detection antibodies and reporter streptavidin-phycoerythrin (S-P) conjugate. Then beads were passed through the Bio-Plex 200 suspension array reader equipped with two lasers (532 nm and 635 nm excitations), which measures the fluorescence of the beads and of the bound S-P.
High-speed digital processor manages data output and Bio-Plex Manager ™ 6.0 software presents results as concentration in pg/ml. All obtained data are shown as means ± S.E.M. For their statistical analysis Student's t-test was used and the results with p < 0.05 and lower were considered as statistically significant.
Immunohistochemical analysis of c-Fos positivity
Formalin-fixed and paraffin-embedded tissue samples of guinea pigs left lungs (size 10 × 10 × 5 mm) were cut into 4 μm sections which were dewaxed and rehydrated using xylene and alcohol. After preincubation with 0.1% hydrogen peroxide and protein blocking solution, the tissue sections were incubated with primary anti-c-Fos rabbit polyclonal antibody (Sigma-Aldrich, Slovakia) in dilution 1:50 overnight at 4°C in humidified chamber. Secondary biotinylated antirabbit antibody (Calbiochem, Merck Millipore, Germany) was applied for 30 min at room temperature. The sections were treated with ABC reagent for 30 min then were immersed in 1% TRITON X-100 detergent in phosphate-buffered saline for 30 s. Immunoreaction was visualized using 3, 3´diaminobenzidine chromogen solution. Negative controls were obtained by omitting the primary antibody. The nuclei were counterstained with Meyers´ haematoxylin. All double-blind labelled microscopic slides were evaluated by two independent observers (M.A., M.S.). Sections, where the discrepancy between observer's results was noticed, were repeatedly assessed by both observers together using dualhead microscope. In every processed specimen, the degree of c-Fos positivity and localization of these changes were analyzed. Degree of c-Fos positivity was semiquantitatively determined by grading system described previously by Sutovska et al. (2013b) . We distinguished negative (degree 0 and 1) and positive (degree 2 and 3) results. We differentiated localization of c-Fos positive cells in airway epithelium (covering respiratory bronchioles and alveolar ducts) and in pulmonary parenchyma.
The Fisher's exact test was selected to evaluate the immunohistochemical features. The results with probability 0.05 and lower were considered as statistically significant.
Evaluation of ciliary beat frequency (CBF)
Experiments were carried out under the standard laboratory conditions (ambient temperature was maintained at 21-24°C and humidity at 55 ± 10% using LG multi type air-conditioner, LG Neo plazma, Slovakia). The temperature of the microscopic glass slide and the saline (natrium chloratum 0.9 %) used as a nutritive medium for cilia, were kept in the range of 37-38°C.
Following transversal interruption of the male guinea pigs neck spinal cord, transverse access to the trachea was made approximately in the middle of its normal length. Ciliated samples were obtained by cytology brush (diameter 2.5 mm), which was dipped into the saline and then gently rotated on the mucosal surface of the animal trachea. Tracheal brushings were immediately placed into saline solution processed to microscopic preparation.
Microscopic preparations were examined 3 min after brushing the tracheal cilia by phase contrast inverted biological microscope (Kvant model IM1C, Slovakia) and beating ciliated cells were recorded using a digital high speed video camera (Basler A504kc; Basler AG, Germany) on frame rate from 256 to 512 fps (frames per second). There were approximately 10-12 video records of the same microscopic preparation, each in duration 5-10 s, performed at 1 min intervals. Video records were analysed using LabVIEW ™ software to generate a ciliary region of interest (ROI), intensity variation in selected ROI and intensity variance curve. Curve was then analyzed using fast Fourier transform (FFT) algorithm (Hargas et al. 2011) . Fourier spectrum of each intensity variance curve is then equal to frequency spectrum of beating in selected ROI.
The median of frequency (Hz) for each ROI was selected for analysis, followed by calculation of their arithmetic means referred to definite CBF value for each microscopic preparation. CBF descriptive statistics were compared using Student's t-test or ANOVA, as appropriate. The data with p < 0.05 and lower were evaluated as statistically significant.
Results

Effect of long-term treatment on cytokine levels
The long-term administration of CRAC channels blocker and budesonide significantly decreased levels of IL-4, IL-5, IL-13 and TNF-α in BALF in comparison with negative sensitized control group of guinea pigs ( Fig. 1 and Fig. 2 ). Except for IL-5, the levels of cytokines in experimental group were almost similar to negative unsensitized control group, while these values of positive control group remained still significantly elevated. Furthermore, we followed significantly lower levels of IL-4 (p < 0.05) and IL-13 (p < 0.0001) in group treated long-term by CRAC channels blocker, when we compared effect of budesonide and FPCA.
Unlike assessment of cytokines in BALF, CRAC channels blocker significantly lowered IL-4, IL-13 and TNF-α, while IL-5 levels were influenced only insignificantly in com- parison with negative sensitized control group. Budesonide distinctly inhibited production of all followed cytokines by circulating immune cells in serum and these decreases were significantly lower not only in comparison to negative sensitized control guinea pigs, but, except for IL-4, also to unsensitized animals ( Fig. 1 and Fig. 2) . FPCA compared to budesonide showed significantly higher effect only on TNF-α production and release (p < 0.01).
Immunohistochemical analysis of c-Fos positivity on longterm drugs administration
Semiquantitative analysis of all pulmonary tissue samples focused on c-Fos positivity confirmed a significant enhancement of this parameter in the negative sensitized control group (OVA+) as well as significant reduction in tissue obtained from animals underwent long-term treatment by FPCA and budesonide (Table 1) . Except for degree of c-Fos positivity, our attention was directed on distribution of c-Fos positive cells. According to Table 1 it is distinct that airway epithelium c-Fos positivity was reduced with higher significance than the pulmonary parenchyma of the experimental group of animals, while budesonide, administered to positive control group, exhibited more significant suppression of c-Fos positivity in pulmonary parenchyma than in airway epithelium. 
The influence of tested agents on ciliary beat frequency (CBF)
The CBF of ovalbumine-sensitized negative control group was significantly elevated in comparison with unsensitized control guinea pigs. CRAC channels blocker and budesonide influenced the assessed parameter only insignificantly, e.g. budesonide mildly enhanced and FPCA moderately decreased frequency of beating cilia (Fig. 7) . It should be presumed that mucociliary clearance is not altered by experimental agent as well as positive control drug.
Discussion
Asthma is a chronic airway disease characterized by increased airway inflammation, mucus hypersecretion, airways remodelling, and increased bronchoconstrictor responses to provoking agonists (Lemanske and Busse 2010) . Following allergen stimulation, several signal cascades are initiated during mast cells and T-cell activation and promote expression of several transcription factors, e.g. NFAT, AP-1 and NF-κB, respectively. These processes thereby altering physiological function. The results of our experiments also confirmed that blocker of CRAC channels activity suppressed significantly ovalbumine-induced production of IL-4, IL-13 and TNF-α in plasma of guinea pigs experimental model of asthma with comparable efficacy as control antiasthmatic drug, corticosteroid budesonide. However, CRAC channels blocker did not influence IL-5 levels. We assume that it should be associated with low dose of FPCA used for long-term treatment. Similar outstanding study of Yoshino et al. (2007) evaluated the effect of other CRAC channels blocker in doses 1, 3 and 10 mg/kg b.w. and reported significant decrease in plasma IL-5 as the response to administration of 3 and 10 mg/kg b.w. doses only in rodents. require sustained Ca 2+ influx through CRAC channels and lead to transcription of proinflammatory cytokine genes, including Th2 IL-4, IL-5 and IL-13 as well as TNF-α of mast cells, that cause the typical features of asthma (Feske et al. 2012) . Our study confirmed significantly higher plasma levels of IL-4, IL-5 and TNF-α in ovalbumin-sensitized guinea pigs. However, elevation of plasma IL-13 was insignificant. These data correlate to Chen et al. (2009) findings pointed to several differences between human and rodents in development of allergic inflammation that are coupled with the role and plasma levels of IL-13. According to their results rather than a lymphoid cytokine, IL-13 acts more prominently as a molecular bridge linking allergic inflammatory cells to the non-immune cells, Asthma is generally known as an inflammatory condition for which anti-inflammatory glucocorticoids are the standard of care. However, similar efficacy has not been shown for agents targeting inflammatory cells and pathways. This suggests a non-inflammatory cell contribute (e.g., epithelium) to asthmatic inflammation. The data generated in an airway model lacking inflammatory cells, support the concept that asthmatic inflammation is driven by intrinsic inflammatory, fibrogenic, and regenerative characteristics of epithelia (Freishtat et al. 2011) . Airway epithelial cells cultured from several species (including human) can generate numerous mediators, including cytokines and chemokines, which can be either bronchoconstrictor, proinflammatory or, in some cases, both (Vareille et al. 2011) . Among the cytokines and chemokines produced by airway epithelial cells are several key factors that influence pathologies associated with asthma.
IL-13 plays a central role in airway epithelium physiology and pathophysiology. Its expression increases in response of airway epithelial cells to exposure to diesel exhaust (Pourazar et al. 2004 ) as well as in response to injury (Allahverdian et al. 2008 ). IL-13 has been considered as a key mediator of airway remodelling and goblet cell metaplasia in asthma. Several studies have reported that bronchial biopsy specimens and BALF from allergic individuals with asthma show elevated expression of IL-13 compared with control subjects (Humbert et al. 1997; Wu et al. 2010) , some levels of relationship between IL-13 and EGFR pathway, in which EGFR activation is necessary for airway remodelling (Shim et al. 2001) . Zhu et al. (1999) studies are the first to demonstrate that the chronic overexpression of IL-13 in the lung epithelium generates a phenotype complex that recapitulates many of the features of the Th2 response in human asthma. Glucocorticoids have been shown to strongly repress IL-13 transcription directly within the nucleus and indirectly through mitogen-activated protein kinase (MAPK) pathway in immune and epithelial cells and IL-13 remains elevated in glucocorticoids insensitive asthma (Maneechotesuwan et al. 2009 ).
IL-13 shares numerous overlapping characteristics with IL-4, where both cytokines promote B cell proliferation, IgE class switching and synthesis in B cells as well as contribute to airway obstruction and remodelling in asthma (Rael and Lockey 2011) . Two interesting studies evidenced IL-4 production in airway epithelial cells and its distinct antiapoptotic property. According to Steinke and Borish (2001) , increased expression of IL-4 in the asthmatic airways inhibits apoptosis and might explain the persistence of inflammatory cellular infiltrates. The same authors reported increased levels of IL-4 in asthmatic airways of patients resistant to inhalatory corticosteroids and confirmed that blockage of receptors for IL-4 is a potentially safe and effective new treatment for asthma without use of corticosteroids. Moreover, Hodge et al. (2002) followed apoptotic human bronchial cells as the important source of IL-4 leading secondary to increased survival of immune cells.
IL-5, generally known as a pleiotropic cytokine that regulates the proliferation, differentiation, and recruitment of eosinophils, is essential for the development of airway eosinophilia during allergic airway inflammation, which is a key feature of allergic airway inflammation in animal models of disease. Increased expression of IL-5 has been reported in BALF from individuals with asthma and correlates with increased asthma severity (Yamada et al. 2000) . Wu et al. demonstrated that bronchial epithelial cells are a source of IL-5 in ovalbumin-induced murine model of allergic airway disease and secretion of this cytokine contributes to mucous metaplasia, airway eosinophilia, and allergenspecific IgA levels.
TNF-α is the most widely studied cytokine member of TNF super family. Epithelial cells of airway, T-cells, Blymphocytes, smooth muscle cells, eosinophils and mast cells, produce TNF-α after allergen stimulation. Several lines of evidences indicate that high TNF-α levels are directly linked to asthmatic complications (Mukhopadhyay et al. 2006) . In airways epithelial, endothelial and smooth muscle cells of bronchi are the primary targets of TNF-α. It causes substantial damage in the bronchial epithelial cells, leakage of epithelial and endothelial cells, hyperplasia of bronchial smooth muscle cells and vasoconstriction (Tillie-Leblond et al. 2002) . However, elimination of TNF-α bioactivity alone is not sufficient to abrogate the inflammatory response as it was shown in murine ovalbumin-induced model of allergic inflammation (Rudmann et al. 2000) .
Airway epithelial cells produce IL-4, IL-5, IL-13 and TNF-α via the Ca 2+ -dependent, interconnected NFAT, NF-κB and AP-1 pathways, in which CRAC channels are proposed as a major route of Ca 2+ entry (Prakriya 2009 ). Our experiments showed distinct decrease in levels of IL-4, IL-5, IL-13 and TNF-α in BALF of ovalbumine-sensitized guinea pigs induced by long-term administration of CRAC channels blockers and budesonide. Bronchoalveolar lavage is the most common manner to sample the components of the epithelial lining fluid and determine the protein composition of the pulmonary airways. Furthermore, the effect of CRAC blocker on IL-4 and IL-13 was significantly higher than that of budesonide. These findings correlated with immunohistochemical analysis focused on c-Fos expression, in which CRAC channels blocker suppressed c-Fos positivity of epithelial cells more significantly than budesonide.
In comparison with the broad literature regarding secretory functions of epithelial cells, relatively less reports has focused on changes in cilia movements in asthma. It is generally accepted that the protective beating function of cilia is modulated by different stimuli in asthmatic subjects, e.g. serotonin from activated mast cells or TNF-α caused increase in frequency of cilia beating (Weiterer et al. 2014 ) and IL-13 induced CBF-inhibitory effect and altered morphology of ciliated cells (Laoukili et al. 2001) . Thomas et al. (2010) found decreased CBF, ciliary ultrastructural defects and increases in abnormal ciliary beating patterns in individuals with asthma compared to healthy controls. CBF represents crucial parameter of mucociliary clearance. According to Parekh and Putney (2005) , the increase in CBF is a process mainly dependent on Ca 2+ accumulated near plasma membrane in which CRAC channels should be possibly involved. Unlike human studies, we followed significantly increased CBF in ovalbumin-sensitized guinea pigs. However, preliminary results of ongoing study showed high significant decrease in CBF using animal model of airway remodelling (unpublished data). Neither budesonide nor FPCA influenced CBF significantly. In this study we used blocker of CRAC channels inhibiting membrane Orai1 protein activity. We assume that proliferative and secretory functions of epithelial cells are mainly dependent on upregulated Orai1 protein in allergic inflammation, as it was followed in airway smooth muscle (Spinelli et al. 2012) . It is possible that Ca 2+ increasing CBF should be transported into the ciliated cells through alternative ion channels. On the other hand, decrease in CBF associated with airway remodelling participates on airway obstruction. Howbeit our study confirmed that not only budesonide but also CRAC channels blocker did not alter CBF in this experimental allergic asthma model, it will be very important to determine influence of CRAC channels blocker on CBF in model of airway remodelling.
This study determined favourable effect of CRAC channels blocker on airway epithelial cells orchestrating inflammatory responses in asthma. Our findings and results published previously (Sutovska et al. 2013a (Sutovska et al. , 2013b extend the number of evidences confirming these channels as very promising target for the new antiasthmatic strategy.
